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A  method  of  calculating  the  parameters  for  the  entrainment  of  teflon 
jsass  in  the  neighborhood  of  the  stagnation  point  of  an  axisymmetric  blunt 
body  as  a  function  of  the  parameters  of  an  incident  high-temperature  flow 
over  a  wide  range  of  enthalpies  and  stagnation  pressures  is  proposed. 

Due  to  several  properties  of  teflon  (polytetrafluoroethylene) ,  its  in¬ 
vestigation  is  of  great  interest  in  understanding  the  mechanism  of  mass  en¬ 
trainment.  This  is  a  typical  homogeneous  material,  possessing  high  bond 
energy  of  its  polymer  chain  and  high  heat  capacity,  with  low  thermal  con¬ 
ductivity  and  so  on.  Its  heat-physical  properties  were  studied  quite  closely. 

’.’/hen  teflon  is  degraded  in  a  high- temperature  flow,  the  formation  of  a 
liquid  film  and  mechanical  entrainment  are  absent,  which  permits  a  theore¬ 
tical  calculation  of  the  degradation  parameters  with  good  accuracy  and  the 
comparison  of  these  theoretical  values  with  experimental  values.  The  mech¬ 
anism  of  the  degradation  of  teflon  in  a  high- temperature  gas  flow  i^s  been 
considered  in  several  works  /T« -3, 6, 8- 

Since  the  heated  layer  is  very  thin,  its  decomposition  occurs  in  a  very 
small  volume  at  the  surface  of  the  layer.  For  this  reason,  thermal  degrada¬ 
tion  is  viewed  as  a  one-dimensional  problem.  The  rate  of  depolymerization 
is  determined  only  by  the  heat  flow  to  the  degrading  surface. 

Adams  [_  1  jf  proposed  a  degradation  scheme  that  is  satisfactory  for  pres¬ 
sures  close  to  atmospheric.  At  the  degrading  surface  temperature  T  =  750° 

w 

K,  teflon  is  depolymerized  into  the  monomer  C„F.  with  a  molecular  mass  of 

c  4 

100.  Several  other  authors  have  supported  a  similar  mechanism  ^1,3,8-10/. 

By  the  theory  of  radical  depolymerization  £lj%  teflon  can  be  depolymer¬ 
ized  only  with  the  formation  of  a  monomer.  It  was  experimentally  found 
A7  that  In  a  vacuum  teflon  is  depolymerized  into  a  monomer. 

* 

The  rate  of  depolymerization  is  described  by  an  Arrhenius  type  equation 
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w  -  pB  exp 
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RT 
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where  w  is  the  rate  of  decomposition,  B  =  3  10  sac  ,  E  =  347.8  kilo¬ 

joules/kg,  and  p  =  density. 

In  the  case  of  decomposition  under  jare^sure,  the  following  compounds 
were  found  in  the  reaction  products  ?_/:  C^Pg,  C^Fq,  and  80  on»  the 

general  formula  -  (CF2)n  or  ^F2^rv1*  TJleBe  are  none  ot^er  than  carbo- 

fluorides.  These  compounds  have  molar  thermodynamic  functions  which  are 
linearly  dependent  on  the  order  n  /  4_7«  Por  example,  the  approximate 
equality 

CpjCF.iair  CPiC,v<)  +  &cPn- 

holds  for  heat  capacity.  It  can  be  proposed  that  a  gas  injected  into  a 
boundary  layer  is  in  chemical  equilibrium.  Let  us  write  *he  equilibrium 
equations  for  the  reactions 

(CF5)nn  =**  (CF *)*+(„_*)  +  CaF4. 


Denoting  by  I  the  pressure  of 
write 


(C^V'2+n’  by  the  ac,fcive  “asses,  we 


KP  (T)  = 


Pn-A 


(2) 


and  for  the  reaction  20,?.  t**  3C..F. 

3  b< —  2  4 


K,(T)  =  til  Pi 


(2a) 


The  Gibbs  potential  for  (CPg),,^  —  ^  —  can  be  represented  bs: 


Then 
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From  this  it  ie  clear  that  the  equilibrium  constants  are 

Kr(T)  K,-(T)-.KP(T). 

’  * 

The  value  of  K  (t)  calculated  by  the  Yan-Kreveien  method  in  1000°  K 

temperature  range  is  close  to  1  bar. 
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From  equations  (2)  and  (2a),  we  find 


U9ing  Dalton's  law  and  the  formula  MUPU  ~  ^  MhPh , 


we  can  get  the  formula 

M.  6A1 


2 1  1 


g/mole, 


(3) 


(4) 


where  5  M  is  the  molecular  ma3S  of  the  GF^- group. 

It  can  be  suggested  that  the  concentration  of  the  decomposition  products 
is  close  to  unity  at  the  degrading  surface.  This  means  tha*  Py  -  P0.  The 

mean  molecular  weight  of  the  gaseous  products  will  be  a  function  only  of  the 
stagnation  pressure:  _ 

Mu-50(2  +  ft  4-)/  -f  +  P.  ). 


where  Pg  i3  given  in  bars. 

Fig.  1  shows  the  dependence  of  on  P^  as  calculated  by  formula  (4). 

1 t  is  clear  that  the  mean  molecular  weight  of  the  teflon  depolymerization 
products  when  P  >  0  is  higher  than  100  and  increases  with  pressure.  The 

data  of  Grassi  /~7_7,  which  differ  from  the  calculated  values  by  not  more 
than  13  percent,  are  given  for  the  rarefaction  region. 

Another  important  quantity  is  the  enthalpy  of  decomposition  H  ,  the 
amount  of  heat  expanded  in  heating  and  decomposition  per  unit  weigRt  of 
the  material: 


where  FJ  is  the  enthalpy  of  the  decomposition  product  at  the  temperature 

of  the  degrading  surface  and  H  is  the  enthalpy  of  the  material  at  standard 
conditions. 

dnthaipy  13  determined  not  only  by  the  surface  temperature  but 
also  by  the  energy  expended  in  breaking  bonds  in  the  polymer  chain. 
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Pig.  1 .  Dependence  of  the  mean 

molecular  mass  of  the  teflon 

degradation  products  on  pressure 

P  ,  b*r: 
e 1 

1  —  theoretical  curve  __ 
f  —  irassi’s  data  /~7 j 


Fig.  2.  Dependence  of  the  enthalpy 
of  the  degradation  of  teflon  on  the 
surface  temperature  at  .afferent 
stagnation  pressures: 

1  —  0.5  bar  2  —  1  bar 
3  —  10  bar 


To  calculate  H  ,  let  us  use  the  method  cf  methyl  substitutions  ^r5 __/  and 
the  approximate  liniar  dependence  of  molar  enthalpy  on  reaction  order: 


rtp  -  858  +  418 (V  10-’)  +  54 (Tw*  10"3)*  + 


+  74  (r^- 10””3)3 


i  5'!± _M5  (Zkim:  1 

Mo 


kllojoules/kg  . 


,Vhen  Tw  *  1000°  K  and  =  100  g  and  Hp  =  2200  kilojoules/kg.  whicn  agrees 

with  the  value  of  H  in  several  studies  in  which  H  is  assumed  to  be  constant. 

P  P 

The  dependence  of  H  on  T  when  P  »  0.1,  1,  and  10  bar  is  shown  in  Pig.  2. 

p  W  Q 

Let  us  set  up  the  equation  of  the  energy  balance  at  the  glass-gas  inter¬ 
face: 


(a/CpMH,  !-0.2l//r(,„ G//,  +  f»7t.  («;) 


The  term  0.21  Hro?  takes  account  of  the  effect  of  an  enthalpy  rise  at  the 
outer  boundary  of  the  boundary  layer  as  a  result  of  the  combustion  of  the 
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Fig.  4.  Dimensionless  rate  of 
entrainment  of  tefon  mass  in  an 
air  flow  as  a  function  of  stag¬ 
nation  enthalpy  and  pressure: 

1,  2y  3  —  theoretical  curves  for 

p  =  0.1,  1.0,  and  6.0  bar, 
e 

respectively 

4,  5,  6,  7  —  experimental  results 
(4  —  P  =  O.JL  bar;  5  —  P  * 

=  1  bar  /To/;  6  —  Pg  -  6  bar 

bar  Z~2_7;  7  -  P#  -  1  bar  £  \J) 

teflon  decomposition  products  with  the  formation  of  COF^,  H r0p  *  22,500 

kilojoules/kg  (on  the  basis  of  1  kg  .oxygen).  ?ne  degree  of  blackness  of 
the  teflon  surface  6  =  0.1  -  0.2  /  9 J .  Analysis  /  3_/  shows  that  the 

variation  in  the  temperature  at  the  surface  and  the  teflon  surface  amounting 
to  1QGC  changes  the  rate  of  entrainment  by  tenfold.  In  actual  conditions, 
the  entrainment  rate  of  the  mass  varies  only  mildly.  Therefore  the  temper¬ 
ature  of  the  surface  varies  slightly  or  remains  practically  constant. 

Variation  in  the  molecular  mass  of  the  depolymerisation  products  injected 
into  the  boundary  layer  leads  to  a  change  in  the  heat  transfer  coefficient 
at  the  degrading  surface.  This  is  taken  into  account  by  the  injection  factor. 


Fig.  3«  Dependence  of  the  injec¬ 
tion  coefficient  on  the  stagnation 
pressure 


_  Values  of  the  injection  factor  calculated  by  the  formula  in  the  study 

/1j/»  without  allowing  for  the  enthalpy  factor,  is  shown  in  Pig.  3  as  a 
function  of  the  stagnation  pressure. 

Calculations  show  that  the  use  of  the  injection  factor  as  a  constant 
(  -y  «  0.49)  for  different  degradation  conditions  is  inapplicable  and  can 
lead  to  erroneous  results. 


Tiie  heat  transfer  coefficient  calculated  with  allowance  for  the  injection 
effect  can  be  calculated  from  the  following  expression: 


(a/C„)  -■  (a/C,,),,  -  0.6 


M. 

At. 


0,24 


(JL 

\  Hu 


Q,C1 


g. 


In  equation  (5)  the 

of  equations,  let  us  use 
a  teflon  coating  /  3_/ 


two  unknowns  are  G  and  T  .  So  to  close  the  system 

w 

the  equation  of  the  kinetics  of  the  degradation  of 


where 

monomer? 


is 

X 


the  enthalpy  of  degradation  of  teflon  with  the  formation  of  a 
is  the  thermal  conductivity  of  teflon: 


X^(12.l  +  4,85.10-*  TJ-IO-* 


watts/m  *  deg  ; 


and  p,p  is  the  density  of  teflon. 

Squatiou  (5)  can  be  given  the  form  of  an  expression  of  the  dimensionless 
entrainment  rate  of  the  mass: 


The  heat  transfer  coefficient  for  an  impermeable  surface  (<=C/0  )Q  is 
determined  by  the  Pay-Ridel 1  formula  /} 2J  p 


(« lC,\  -  0,02  (f y,/*  (W  [  1  +  0.19  £*-  ]  ]/  . 


-  b  - 


'i  'ii  vj.  y. 


The  calculated  functions  G  =  f(ll  )  for  P  =  0,1,  1,  and  6  bar,  corres- 
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ponding  to  the  stagnation  pressures  obtained  experimentally  in  several 
studies  /2,6,9, 10/  are  shown  in  Pig.  4.,  Prom  the  figure  it  follows  that 
the  calculated  values  of  G  obtained  by  the  proposed  method  agree  quite 
satisfactorily  with  the  experimental  data  of  several  authors  for  different 
pressures  and  stagnation  enthalpies. 

Symbols 

M  =  mean  molecular  mass  of  injected  products 

(  oC/C  )  =  heat  transfer  coefficient 
_  P 

G  =  dimensionless  rate  of  entrainment  of  mass 
G  =  rate  of  entrainment  of  mass 
e  a  index  of  conditions  at  the  stagnation  point 
w  =  index  of  conditions  at  the  body  surface 
Py  =  pressure  of  the  decomposition  products 
a  ,  ja.  a  density  and  viscosity  of  air 

=  enthalpy  of  dissociation  of  unit  mass  of  air 

a  molecular  mass  of  the  (CF^-group 
K  a  radius  of  blunt  body. 


BIBLIOGRAPHY 

1.  Adams,  M.  S.,  VRT,  No.  4,  1%0. 

2.  Shirokov,  N.  N.,  and  Chudetskiy,  Yu.  V.,  in:  Teplo-  1  Massoperenos, 
(Heat  and  Mass  Transfer),  Vol*  2,  1968. 

3.  Kemp,  K.  H.,  AIM,  Vol.  6,  No.  9,  1968. 

4.  Karapet’ yants,  M.  Kh.t  Metod  Sravnitel’nogo  Rascheta  Piziko- 
Khimicheskikh  Svoystv  (Method  of  the  Comparative  Calculation  of 
Physicochemical  Properties),  Moscow,  Khimiya  Pub.  House,  1%2. 

9.  Hid,  U.  K.,  and  Shervud,  T.  K.,  Svoyatva  Gazov  i  Zhidkostey  (Proper¬ 
ties  of  Gases  and  Liquids),  II. ,  1961. 


6.  Yurevich,  ?•  B. ,  in:  Teplo-  1  Massoperenos  i  Teplofizicheskiye  *Jvoy- 
stva  Materialov  (Heat  and  Maes  Transfer  and  Heat-Physical  Properties 
of  Materials),  Minsk ,  1 969 . 


7.  Grass! ,  N-,  Khimiya  9eatruktskiv  Poliaerov  (Chemistry  of  the  Degra¬ 
dation  of  Polymers),  IL,  1962. 


-  7  - 


8.  Diaconis,  N*  S«,  Panucci,  J.  B. ,  and  Sutton,  Planetary  and  Space 
Science,  Vol.  4,  p.  463,  1961* 

9.  Steg,  Z. ,  and  Lev,  H. ,  Hyperaonic  Ablation,  Temperature  Aapects, 
Hypersonic  Plovt  Oxford-London-New  York- Par  is,  Pergamon  Press,  1964* 

10.  Dzhon,  R.  R.,  and  P.elosso,  Dzh. ,  VRT,  No.  4,  p*  3d,  I960. 

11.  Mugalev,  V.  P.,  Izv.  AN  SSSR,  Mekhanika*  No.  1,  1965* 

12.  Pey,  D. ,  and  Riddel,  in:  Problems  Dvizheniya  Golovnoy  Chaati  Raket 
Deyatviya  (Problems  of  the  Motion  of  the  Rocket  Noaecones),  IL,  1939* 

Received  by  editor  Institute  of  Heat  and  Mass  Transfer 

5  November  1969  of  the  Belorussian  SSR  Acadeny  of 

Sciences,  Minsk 


